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ABSTRACT: The Cahn-Hilliard-Cook (CHC) theory for ternary blends composed of an A-B random
copolymer (A-r-B), an A homopolymer, and a B homopolymer is presented to investigate the dynamics of
early-stage spinodal decomposition (SD). The cases for both fast theory and slow theory have been
formulated. The time dependence of the structure factor of a ternary mixture is explored in the case
when the mixture is quenched into both three-phase and two-phase regions. The time dependence of the
structure factors of homopolymers A and B in the ternary blend is similar to those of binary homopolymer
blends composed of A and B. The characteristic parameters of early-stage spinodal decomposition are
formulated.

I. Introduction

Numerous studies have been reported on ternary
blends consisting of two homopolymers (A and B) and
the corresponding block copolymer (A-B), since the
copolymer plays an important role not only as a com-
patibilizer, enhancing the miscibility of A/B blends, but
also as a surfactant, reducing the interfacial tension
between A-rich and B-rich regions.1-6 Moreover, some
studies7-12 have theoretically explored the effects of the
added A-B on the dynamics of the phase separation
processes of A/B blends.
The ternary system focused on here consists of two

homopolymers (A and B) and the corresponding random
copolymer (A-r-B). Leibler13 first investigated the phase
diagram of the ternary system with A and B homopoly-
mers and a random copolymer containing equal amounts
of A monomer and B monomer by using the Flory-
Huggins theory, where A, B, and A-r-B have the same
polymerization index N. It was found that the ternary
mixture should have a tricritical point and that its
phase diagram is classified into four regions, depending
on the Flory-Huggins segmental interaction parameter
ø between A and B as shown in Figure 1. (i) In region
I (øN < 2) (Figure 1a) the ternary mixture is homoge-
neous at all compositions. (ii) In region II (2 < øN < 6)
(Figure 1b) the ternary mixture is separated into an
A-rich region and a B-rich region and A-r-B is dissolved
into both phases equally. There is only one critical point
(point C). (iii) In region III (6 < øN < 8) (Figure 1c)
the phase diagram contains three two-phase regions
(HKIH, HJLH, and AIJBA) and one three-phase region
(HIJH); two critical points (points K and L) of demixing
exist. The three-phase region consists of an A-rich
region, a B-rich region, and an A-r-B rich region. (iv)
In region IV (8 < øN) (Figure 1d) as in the case of region
III, the phase diagram contains three two-phase regions
and one three-phase region (NOPN) but the critical
points have disappeared.
Broseta and Fredrickson14 investigated the molecular

weight effects of a random copolymer on the phase

diagram of a ternary system in which the two ho-
mopolymers have the same polymerization index NH,
which is different from the polymerization index NR of
a random copolymer having equal amounts of A mono-
mer and B monomer. They found two different types
of phase diagrams according to the polymerization index
ratio R ) NH/NR of the homopolymer to the random
copolymer. If R is smaller than 2/5, the three-phase
region emerges continuously via a tricritical point.
Otherwise, the three-phase region appears discontinu-
ously.
Our aim is to explore the dynamics of the phase

separation process in ternary mixtures of A, B, and
A-r-B quenched into the several regions classified by
Leibler. In the present paper, as a first step, we
formulated the Cahn-Hilliard-Cook (CHC) theory15,16
to describe the early-stage spinodal decomposition (SD)
and to investigate the time dependence of the structure
factor of the ternary system using the Flory-Huggins-
de Gennes theory for the free energy functional of
mixing.

II. Theory

First, let us derive the basic equation describing the
dynamics of early-stage SD in a ternary mixture of A,
B, and A-r-B. Here φA(r,t), φB(r,t), and φR(r,t) denote,
respectively, the volume fraction of A, B, and A-r-B at
position r and time t. The continuity equations for A,
B, and A-r-B components are given by

and

where Jk is the flux of the kth component (k ) A, B, or
R). The Onsager theory gives the following relations
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∂φA(r,t)
∂t

+ ∇JA(r,t) ) 0 (1)

∂φB(r,t)
∂t

+ ∇JB(r,t) ) 0 (2)

∂φR(r,t)
∂t

+ ∇JR(r,t) ) 0 (3)
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between the flux and the chemical potential µk of the
kth component:

and

where Λij is the Onsager kinetic coefficient. It is noted

that the thermal fluctuation effects16 and the hydrody-
namic interactions effects17 are neglected in the above
equations. Substituting eqs 1 and 2 into eqs 4 and 5,
respectively, we obtain

and

According to the Flory-Huggins-de Gennes theory,18
the free energy functional F{φA,φB,φR} per lattice site
are given by

where kB is the Boltzman constant, T the absolute
temperature, ø the Flory-Huggins segmental interac-
tion parameter between A and B,Nk the polymerization
index of the kth component, f the volume fraction of A
in the random copolymer, and a the statistical segment
length. Here it is assumed that the statistical segment
length of each component is identical. Note that we do
not consider A-r-B by itself to show any microphase
separation or form any mesophases. We, hence, treated
the A-r-B as a homopolymer in eq 8. The validity of
this treatment was proved by the experimental results
on the scattered intensity of A-r-B/A blends in their one-
phase region19 and the phase separation process of A-r-
B/A blends.20 The standard definition of µk gives

where δkj is the Kronecker delta and hence

For small concentration fluctuations, δF/δφi can be
approximated by

where

and φk,0 is the space average of φk. Substituting eqs 10

Figure 1. Phase diagram of A/B/A-r-B system at region I (a),
region II (b), region III (c), and region IV (d). Binodal line and
spinodal line are indicated by solid line and broken line,
respectively. Point C in part b and points K and L in part c
denote the critical point. In parts c and d, open triangles denote
the equilibrium composition. The composition within the
triangles (HIJ and NOP) is three-phase region.

JA ) -ΛAA∇(µA - µR) - ΛAB∇(µB - µR) (4)

JB ) -ΛBA∇(µA - µR) - ΛBB∇(µB - µR) (5)

∂φA(r,t)
∂t

) ∇ΛAA∇(µA - µR) + ∇ΛAB∇(µB - µR) (6)

∂φB(r,t)
∂t

) ∇ΛBA∇(µA - µR) + ∇ΛBB∇(µB - µR) (7)

F{φA,φB,φR}/kBT )
φA

NA

ln φA +
φB

NB

ln φB +

φR

NR

ln φR + øφAφB + (1 - f)2øφAφR + f2øφBφR +

a2

36
∑

k)A,B,R

1

φk

(∇φk)2 (8)

µk ) F + ∑
j)A,B,R

δF

δφj
(δkj - φj) (9)

µi - µj ) δF
δφi

- δF
δφj

(i,j ) A, B, or R) (10)

δF

δφi
)

δF

δφi
|
φ

+ ∑
j)A,B,R

δ2F

δφiδφj
|
φ

[φj - φj,0] (11)

φ ) (φA,0, φB,0, φR,0) (12)
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and 11 into eqs 6 and 7, we obtain

and

Here Λij are assumed to be independent of φk(r,t). The
Onsager kinetic coefficient can be obtained from two
different theories: the slow theory proposed by de
Gennes18,21 and the fast theory proposed by Kramer22
and Brochard.23 According to the slow theory, Λij are
given by (see Appendix)

and

where Λ0,kk is the bare Onsager kinetic coefficient of k

component and U is the potential determined by the
incompressible condition. Λ0,kk is given by21,24

where Dk and q are, respectively, the self-diffusion
coefficient of k component and the wavenumber.
On the other hand, the fast theory gives (see Ap-

pendix)

and

In the present paper, we will use the slow theory, i.e.,
eqs 15-17. It is noted, however, that the results from
the fast and slow theories become identical, i.e., eqs 15-
17 become identical with eqs 19-21, respectively, in the
case where NA ) NB ) NR as in the systems to be
treated in section III.
By applying the Fourier transform to eqs 13 and 14,

we get

and

where

∂φA(r,t)
∂t

) [ΛAA( 1
NAφA,0

+ 1
NRφR,0

- 1
2

ø) +

ΛAB( 1
NRφR,0

+ 1
2

ø)]∇2φA(r,t) -

[ΛAA( a2

18φA,0
+ a2

18φR,0) + ΛAB( a2

18φR,0)]∇4φA(r,t) +

[ΛAA( 1
NRφR,0

+ 1
2

ø) + ΛAB( 1
NBφB,0

+

1
NRφR,0

- 1
2

ø)]∇2φB(r,t) - [ΛAA( a2

18φR,0) +

ΛAB( a2

18φB,0
+ a2

18φR,0)]∇4φB(r,t) (13)

∂φB(r,t)
∂t

) [ΛBA( 1
NAφA,0

+ 1
NRφR,0

- 1
2

ø) +

ΛBB( 1
NRφR,0

+ 1
2

ø)]∇2φA(r,t) -

[ΛBA( a2

18φA,0
+ a2

18φR,0) + ΛBB( a2

18φR,0)]∇4φA(r,t) +

[ΛBA( 1
NRφR,0

+ 1
2

ø) + ΛBB( 1
NBφB,0

+

1
NRφR,0

- 1
2

ø)]∇2φB(r,t) - [ΛBA( a2

18φR,0) +

ΛBB( a2

18φB,0
+ a2

18φR,0)]∇4φB(r,t) (14)

ΛAA )
Λ0,AA(Λ0,BB + Λ0,RR)

∑
k)A,B,R

Λ0,kk

(15)

ΛBB )
Λ0,BB(Λ0,AA + Λ0,RR)

∑
k)A,B,R

Λ0,kk

(16)

ΛAB ) ΛBA )
-Λ0,AAΛ0,BB

∑
k)A,B,R

Λ0,kk

(17)

Λ0,kk(q) ) 6DkNkφk,0
1 - exp(-Nka

2q2/6)

Nka
2q2

(18)

ΛAA ) (1 - φA)
2Λ0,AA + φA

2Λ0,BB + φA
2Λ0,RR (19)

ΛBB ) φB
2Λ0,AA + (1 - φB)

2Λ0,BB + φB
2Λ0,RR (20)

ΛAB ) ΛBA ) -φA(1 - φB)Λ0,AA - (1 - φB)φAΛ0,BB +
φAφBΛ0,RR (21)

∂φA(q,t)
∂t

) D11(q)φA(q,t) + D12(q)φB(q,t) (22)

∂φB(q,t)
∂t

) D21(q)φA(q,t) + D22(q)φB(q,t) (23)

D11(q) ) -[ΛAA( 1
NAφA,0

+ 1
NRφR,0

- 1
2

ø) +

ΛAB( 1
NRφR,0

+ 1
2

ø)]q2 - [ΛAA( a2

18φA,0
+ a2

18φR,0) +

ΛAB( a2

18φR,0)]q4 (24)

D12(q) ) -[ΛAA( 1
NRφR,0

+ 1
2

ø) + ΛAB( 1
NBφB,0

+

1
NRφR,0

- 1
2

ø)]q2 - [ΛAA( a2

18φR,0) +

ΛAB( a2

18φB,0
+ a2

18φR,0)]q4 (25)

D21(q) ) -[ΛBA( 1
NAφA,0

+ 1
NRφR,0

- 1
2

ø) +

ΛBB( 1
NRφR,0

+ 1
2

ø)]q2 - [ΛBA( a2

18φA,0
+ a2

18φR,0) +

ΛBB( a2

18φR,0)]q4 (26)
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and

When eqs 22 and 23 are solved, the time dependence
of structure factors SAA(q,t), SAB(q,t), and SBB(q,t) are
obtained:

and

with

a1(q) ) [λ1(q) - D22(q)]
2SAA(q,0) + 2D12(q)[λ1(q) -

D22(q)]SAB(q,0) + D12(q)
2SBB(q,0) (31)

a2(q) ) [λ1(q) - D22(q)][D22(q) - λ2(q)]SAA(q,0) +
D12(q)[2D22(q) - λ1(q) - λ2(q)]SAB(q,0) -

D12(q)
2SBB(q,0) (32)

a3(q) ) [D22(q) - λ2(q)]
2SAA(q,0) - 2D12(q)[D22(q) -

λ2(q)]SAB(q,0) + D12(q)
2SBB(q,0) (33)

b1(q) ) [λ1(q) - D11(q)]
2SBB(q,0) + 2D21(q)[λ1(q) -

D11(q)]SAB(q,0) + D21(q)
2SAA(q,0) (34)

b2(q) ) [λ1(q) - D11(q)][D11(q) - λ2(q)]SBB(q,0) +
D21(q)[2D11(q) - λ1(q) - λ2(q)]SAB(q,0) -

D21(q)
2SAA(q,0) (35)

b3(q) ) [D11(q) - λ2(q)]
2SAA(q,0) - 2D21(q)[D11(q) -

λ2(q)]SAB(q,0) + D21(q)
2SBB(q,0) (36)

c1(q) ) D21(q)[λ1(q) - D22(q)]SAA(q,0) + {[λ1(q) -
D11(q)][λ1(q) - D22(q)] + D12(q)D21(q)}SAB(q,0) +

D12(q)[λ1(q) - D11(q)]SAA(q,0) (37)

c2(q) ) D21(q)[D22(q) - D11(q)]SAA(q,0) +

{[D22(q) - λ2(q)]
2 + [λ1(q) - D22(q)]

2 -
2D12(q)D21(q)}SAB(q,0) + D12(q)[D11(q) -

D22(q)]SBB(q,0) (38)

and

where Sij(q,t) (i,j ) A, B, or R) is defined by

with 〈 〉T denoting a thermal average. λ1(q) and λ2(q)
(λ1(q) > λ2(q)) are the solution of

Sij(q,0) (i,j ) A,B, or R) are the structure factors before
the quench and given by25-27

and

where

and

with ø0 being the ø parameter before quench.
The time dependence of SRR(q,t) can be obtained from

In the above discussion, we neglected the effects of
thermal fluctuations. According to the generalized CHC

D22(q) ) -[ΛBA( 1
NRφR,0

+ 1
2

ø) + ΛBB( 1
NBφB,0

+

1
NRφR,0

- 1
2

ø)]q2 - [ΛBA( a2

18φR,0) +

ΛBB( a2

18φB,0
+ a2

18φR,0)]q4 (27)

SAA(q,t) ) 1
(λ1(q) - λ2(q))

2
[a1(q)e

2λ1(q)t +

a2(q)e
(λ1(q)+λ2(q))t + a3(q)e

2λ2(q)t] (28)

SBB(q,t) ) 1
(λ1(q) - λ2(q))

2
[b1(q)e

2λ1(q)t +

b2(q)e
(λ1(q)+λ2(q))t + b3(q)e

2λ2(q)t] (29)

SAB(q,t) ) 1
(λ1(q) - λ2(q))

2
[c1(q)e

2λ1(q)t +

c2(q)e
(λ1(q)+λ2(q))t + c3(q)e

2λ2(q)t] (30)

c3(q) ) D21(q)[λ2(q) - D22(q)]SAA(q,0) +
{[λ2(q) - D11(q)][λ2(q) - D22(q)] +

D12(q)D21(q)}SAB(q,0) + D12(q)[λ2(q) -
D11(q)]SAA(q,0) (39)

Sij(q,t) ) 〈φi(q,t)φ*j(q,t)〉T (40)

(D11(q) - λ(q))(D22(q) - λ(q)) - D12(q)D21(q) ) 0 (41)

SAA(q,0) ) SAA
0 (q)[(SBB

0 (q) + SRR
0 (q)) -

1
2

ø0SBB
0 (q)SRR

0 (q)]/∆ (42)

SAB(q,0) ) SAA
0 (q)SBB

0 (q)[-1 - 1
2

ø0SRR
0 (q)]/∆ (43)

SBB(q,0) ) SBB
0 (q)[(SAA

0 (q) + SRR
0 (q)) -

1
2

ø0SAA
0 (q)SRR

0 (q)]/∆ (44)

SAA
0 (q) ) [ 1

NAφA,0
+ a2q2

18φA,0]
-1

(45)

SBB
0 (q) ) [ 1

NBφB,0
+ a2q2

18φB,0]
-1

(46)

SRR
0 (q) ) [ 1

NRφR,0
+ a2q2

18φR,0]
-1

(47)

∆ ) SAA
0 (q) + SBB

0 (q) + SRR
0 (q) - 1

2
ø0SAA

0 (q)(SBB
0 (q) +

SRR
0 (q)) - 1

2
ø0SBB

0 (q)(SAA
0 (q) + SRR

0 (q)) -

ø0SAA
0 (q)SBB

0 (q) (48)

SRR(q,t) ) SAA(q,t) + SBB(q,t) + 2SAB(q,t) (49)
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theory,28,29 we obtain

and

where Sij(q,∞) is the virtual structure factor given by
eqs 42-48 in which ø0 should be replaced by the ø
parameter øT at a phase separation temperature T. The
quantities of aT,k(q), bT,k(q), and cT,k(q) in eqs 50-52 are,
respectively, ak(q), bk(q), and ck(q) in eqs 31-39, where
Sij(q,0) values are replaced by Sij(q,0) - Sij(q,∞).
In the next section, we will calculate the time depen-

dence of the structure factors of the ternary mixture
quenched under different conditions.

III. Time Changes in the Structure Factors of
the Ternary Systems
Here let us calculate the dynamics of the system with

NA ) NB ) NR. The parameters chosen are NA ) NB )
NR ) 1000, DA ) DB ) DR ) 2000 nm2/s, and a ) 0.7
nm. As the system discussed in the present paper
satisfies the conditions with NA ) NB and φA,0 ) φB,0,
SAA(q,t) and SBB(q,t) become identical. We, hence,
investigate the time dependence of SAA(q,t) and SRR(q,t).
A. Quench into Region II. Figure 2 shows the

time dependence of SAA(q,t) of the system with φR,0 )
0.2 quenched from ø ) 0.001 (øN ) 1) to ø ) 0.003 (øN
) 3) or Region II (point D in Figure 1b). This quench
to region II causes two-phase separation and φ values
of each equilibrium phase (points E and F in Figure 1b)

are 0.663, 0.137, 0.2 and 0.137, 0.663, 0.2. In the time
dependence of SAA(q,t), the peak appears at q ) 0.09
nm-1 and the peak shifts to smaller q values. This
tendency is similar to that of binary homopolymer
blends. It is interesting to note that SRR(q,t) does not
change either with time as shown in Figure 2b or with
ø. We will discuss the reasons below.
Similarly to SAA(q,0) and SBB(q,0), SRR(q,0) is given

by25,26

with

Substituting the relation

into eqs 53 and 54 and rearranging eq 53, we obtain

Thus, we find that SRR(q,0) and SRR(q,∞) are inde-
pendent of ø. By substituting SRR(q,0) ) SRR(q,∞) into
eqs 49 and 50-52, we obtain

so that SRR(q,t) becomes constant with time within the
frame of CHC theory. This feature in SRR(q,t) is
common in all regions so that we do not show the time
dependence of SRR(q,t) later.
In Figure 3, λ1(q) and λ2(q) are plotted as a function

of q. It is found that λ2(q) is negative at all q regions
and that |λ1(q)| is smaller than |λ2(q)| at all q regions.
These features indicate that the time dependence of SAA-
(q,t) at longer times can be described by

which is similar to the CHC type equation for the time
evolution of the structure factor in homopolymer blends.16

Figure 2. Time changes in SAA(q,t) (a) and SRR(q,t) (b) of the
ternary system with φR,0 ) 0.20 quenched from ø ) 0.001 to ø
) 0.003 or region II.

Figure 3. λ1(q) and λ2(q) plotted as a function of q for the
ternary system with φR,0 ) 0.20 quenched from ø ) 0.001 to ø
) 0.003 or region II.

SRR(q,0) ) SRR
0 (q)[(SBB

0 (q) + SAA
0 (q)) -

2ø0SAA
0 (q)SBB

0 (q)]/∆R (53)

∆R ) SRR
0 (q) + SAA

0 (q) + SBB
0 (q) - 1

2
ø0SRR

0 (q)(SBB
0 (q) +

SAA
0 (q)) - 2ø0SAA

0 (q)SBB
0 (q) (54)

SAA
0 (q) ) SBB

0 (q) (55)

SRR(q,0) )
2SRR

0 (q)SAA
0 (q)

SRR
0 (q) + 2SAA

0 (q)
) SRR(q,∞) (56)

SRR(q,t) ) SRR(q,∞) (57)

SAA(q,t) =
aT,1(q)e

2λ1(q)t

(λ1(q) - λ2(q))
2

+ SAA(q,∞) (58)

SAA(q,t) ) 1
(λ1(q) - λ2(q))

2
[aT,1(q)e

2λ1(q)t +

aT,2(q)e
(λ1(q)+λ2(q))t + aT,3(q)e

2λ2(q)t] + SAA(q,∞) (50)

SBB(q,t) ) 1
(λ1(q) - λ2(q))

2
[bT,1(q)e

2λ1(q)t +

bT,2(q)e
(λ1(q)+λ2(q))t + bT,3(q)e

2λ(q)2t] + SBB(q,∞) (51)

SAB(q,t) ) 1
(λ1(q) - λ2(q))

2
[cT,1(q)e

2λ1(q)t +

cT,2(q)e
(λ1(q)+λ2(q))t + cT,3(q)e

2λ(q)2t] + SAB(q,∞) (52)
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Figure 4 is the so-called “Cahn plot” for λ1(q), i.e., λ1-
(q)/[η(q)q2] vs q2 plot, where η(q) is given by

It is noted that we divided λ1(q)/q2 by η(q) to remove
the q dependence of ΛΑΑ(q) from the plot. The plot
shows linearity between λ1(q)/[η(q)q2] and q2 so that the
characteristic parameters, the mutual diffusion coef-
ficient Dapp and the wavenumber qm(0), can be obtained
from Figure 4. The values of Dapp and qm(0) are 400
nm2/s and 0.06 nm-1, respectively.
Let us consider the quantities of λ1(q) with the

conditions NA ) NB and φA,0 ) φB,0. Under these
conditions, Dij(q) values in eqs 24-27 satisfy

and

The solutions λ1(q)and λ2(q) of eq 41, hence, are

and

where NH ) NA ) NB and φH,0 ) φA,0 ) φB,0. As seen in
eq 62, the concentration fluctuation becomes unstable
at q < qc when ø becomes greater than a critical point
for two-phase separation at this composition [)1/
(NHφH,0)], where qc is given by

with

Equations 64 and 65 indicate that the instability of
the concentration fluctuations depends on the quench

depth or (ø - øc) and are independent of the tricritical
point of the blends. This equation is similar to the
growth rate for binary homopolymer blends. Actually,
if we neglect the term of the random copolymer, λ1(q)
becomes identical with the expression of growth rate for
binary homopolymer blends composed of A and B. This
means that this λ1(q) mode represents the dynamics of
the concentration fluctuations caused by the interdif-
fusion between homopolymer A and homopolymer B. On
the other hand, λ2(q) is found to be independent of ø.
This mode corresponds to the dynamics of the interdif-
fusion between the random copolymer and homopolymer
A or B. For such a symmetric case, the random
copolymer acts as a Θ solvent for both homopolymers
so that the concentration fluctuations of the random
copolymer tend to maintain a homogeneous state as
indicated in the expression of λ2(q).
B. Quench into Regions III and IV. Figures 5 and

6 show the time dependence of SAA(q,t) of the system
with φR,0 ) 0.5 quenched from ø ) 0.001 (øN ) 1) to ø
) 0.007 (øN ) 7) or region III (point G in Figure 1c)
and ø ) 0.009 (øN ) 9) or region IV (point M in Figure
1d), respectively. Under these quench conditions, the
mixture separates into three phases and φ values of
each equilibrium phase are 0.140, 0.140, 0.720 (point
H in Figure 1c), 0.584, 0.010, 0.406 (point I in Figure
1c), and 0.010, 0.584, 0.406 (point J in Figure 1c), for
the quench to øN ) 7, and 0.0930, 0.0930, 0.814 (point
N in Figure 1d), 0.8195, 0.0005, 0.1800 (point O in
Figure 1d), and 0.0005, 0.8195, 0.1800 (point P in Figure
1d), for the quench to øN ) 9. Similarly to the case
quenched into region II, it is shown that the peak
appears and shifts to smaller q values in SAA(q,t) as
shown in Figure 2a. Figures 7 and 8 illustrate the q
dependence of λ1(q) and λ2(q) and the Cahn plot for λ1-
(q) for the quench to regions III and IV, respectively.
Again, we found that the plots of λ1(q)/[η(q)q2] and q2
become linear in Figures 7b and 8b as in Figure 4. The

Figure 4. Plot of λ1(q)/[η(q)/q2] for the ternary system with
φR,0 ) 0.20 quenched from ø ) 0.001 to ø ) 0.003 or region II.

Figure 5. Time change in SAA(q,t) of the ternary system with
φR,0 ) 0.5 quenched from ø ) 0.001 to ø ) 0.007 or region III.

Figure 6. Time change in SAA(q,t) of the ternary system with
φR,0 ) 0.5 quenched from ø ) 0.001 to ø ) 0.009 or region IV.

η(q) ) [1 - exp(-Nka
2q2/6)]/Nka

2q2 (59)

D11(q) ) D22(q) (60)

D12(q) ) D21(q) (61)

λ1(q) ) (-ΛAA + ΛAB)q
2[ 1
NHφH,0

- ø + a2

18φH,0
q2] (62)

λ2(q) ) -(ΛAA + ΛAB)q
2[ 1
NHφH,0

+ 2
NHφH,0

+

( a2

18φH,0
+ 2a2

18φR,0)q2] (63)

qc ) [ 18
NHa

2

ø - øc
øc ]1/2 (64)

øc ) 1
NHφH,0

(65)
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reason for the similarity between the dynamics of early-
stage SD in region II and those in regions III and IV is
that the growth mode λ1(q) depends on (ø - øc) as
described before.

IV. Conclusions

We have formulated the CHC theory describing the
dynamics of early-stage SD in a ternary mixture com-
posed of homopolymers and a random copolymer within
the Flory-Huggins theory. We adopted both the slow
theory and the fast theory to the CHC theory. We
calculated the dynamics of the structure factors of the
system in which each component has an identical
polymerization index and the space-averaged volume
fractions of homopolymers are equal. The analyses
revealed the following points. The time dependence of
the structure factors for a component polymer (e.g. A)
in the ternary mixtures quenched into region II (two-
phase region) was identical to that quenched into region
III or IV (three-phase region). They were all similar

also to that of binary homopolymer blends. This simi-
larity is because (i) the dominant growth mode λ1(q) due
to the interdiffusion between homopolymer A and ho-
mopolymer B is similar to the expression of the growth
rate of binary homopolymer blends and (ii) the random
copolymer acts as a Θ solvent for both components and
tends to spread homogeneously. The second feature (ii)
holds in the whole time scale in the context of the
linearized theory. In the context of CHC theory, the
higher order (or nonlinear term) of the concentration
fluctuations in the chemical potential has been ne-
glected. The difference between the dynamics above the
tricritical point (region II) and those below the tricritical
point (regions III and IV), hence, would appear in the
later stage where the nonlinear term becomes important
in the dynamics of the concentration fluctuations.
Recently, we have reported preliminary results on the
later stage dynamics of the mixture with computer
simulation where the nonlinear term was included in
the chemical potential; we found that the mixture
quenched under the tricritical point underwent three-
phase separation consisting of A-rich, B-rich, and A-r-
B-rich regions.30 We will investigate the dynamics of
the mixture quenched above the tricritical point and
explore the difference in a future publication.31

Appendix

Here let us calculate the Onsager kinetic coefficient
Λij by using both the slow theory and the fast theory.
According to the de Gennes procedure (or the slow
theory), the flux is described by

and

where U is the potential determined by the incompress-
ible condition. Λ0,kk is given by eq 18. The incompress-
ible condition

leads to ∇U

Substituting eq A.5 into eqs A.1 and A.2 and rear-
ranging eqs A.1 and A.2, we then have

Figure 7. λ1(q) and λ2(q) vs q (a) and the plot of λ1(q)/[η(q)/q2]
for the quench to ø ) 0.007 or region III.

Figure 8. λ1(q) and λ2(q) vs q (a) and the plot of λ1(q)/[η(q)/q2]
for the quench to ø ) 0.009 or region IV.

JA ) -Λ0,AA∇(µA + U) (A.1)

JB ) -Λ0,RR∇(µR + U) (A.2)

JR ) -Λ0,RR∇(µR + U) (A.3)

JA + JB + JR ) 0 (A.4)

∇U ) -
Λ0,AA∇µA + Λ0,BB∇µB + Λ0,RR∇µR

Λ0,AA + Λ0,BB + Λ0,RR
(A.5)

JA ) -
Λ0,AA(Λ0,BB + Λ0,RR)

∑
k)A,B,R

Λ0,kk

∇(µA - µR) -

-Λ0,AAΛ0,BB

∑
k)A,B,R

Λ0,kk

∇(µB - µR) (A.6)
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and

A comparison between eqs A.6 and A.7 and eqs 4 and 5
gives eqs 15-17.
On the other hand, Brochard proposed the tube

velocity concept and derived the following equations:

and

where vT is the tube velocity of the system given by

Substituting eq A.11 into eqs A.8 and A.9, we obtain

and

By using the Gibbs-Duhem relation, eqs A.12 and A.13
can be simplified to

and

respectively. A comparison between eqs A.14 and A.15
and eqs 4 and 5 gives eqs 19-21.

References and Notes

(1) Paul, D. R. In Polymer Blends; Paul, D. R., Newman, S., Eds.;
Academic Press: New York, 1978; Vol. 2, p 35.

(2) Roe, R. J.; Zin, W. C. Macromolecules 1984, 17, 189.
(3) Roe, R. J.; Rigby, D. In Advances in Polymer Science;

Springer: Berlin, 1987; p 82.
(4) Hashimoto, T.; Tanaka, H.; Hasegawa, H. In Molecular

Conformation and Dynamics of Macromolecules in Condensed
Systems; Nagasawa, M., Eds.; Elsevier: New York, 1988;
p 257.

(5) Hashimoto, T.; Izumitani, T.Macromolecules 1993, 26, 3631.
(6) Izumitani, T.; Hashimoto, T.Macromolecules 1994, 27, 1744.
(7) Kawasaki, K.; Kawakatsu, T. Physica 1990, 164A, 549.
(8) Kawasaki, K.; Kawakatsu, T. J. Colloid Interface Sci. 1991,

145, 413.
(9) Laradji, M.; Guo, H.; Grant, M.; Zukkermann, M. J. J. Phys.

A: Math. Gen. 1991, 24, L629.
(10) Yao, J. H.; Laradji, M. Phys. Rev. E 1993, 24, 2695.
(11) Kawakatsu, T.; Kawasaki, K.; Furusaka, M.; Okabayashi, H.;

Kanaya, T. J. Chem. Phys. 1993, 99, 8255.
(12) Laradji, M.; Mouristen, O. G.; Toxvaerd, S.; Zuckermann, M.

J. Phys. Rev. E. 1994, 50, 1243.
(13) Leibler, L.Makromol. Chem., Rapid Commun. 1981, 2, 393.
(14) Broseta, D.; Fredrickson, G. H. J. Chem. Phys. 1990, 93, 2927.
(15) Cahn, J. W. J. Chem. Phys. 1965, 42, 93.
(16) Cook, H. E. Acta Met. 1970, 18, 297. Binder, K. J. Chem.

Phys. 1983, 79, 6387.
(17) Kawasaki, K. Prog. Theor. Phys. 1977, 57, 826.
(18) de Gennes, P.-G. J. Chem. Phys. 1980, 72, 4756.
(19) Sakurai, S.; Izumitani, T.; Hasegawa, H.; Hashimoto, T.; Han,

C. C. Macromolecules 1991, 24, 4844.
(20) Izumitani, T.; Hashimoto, T. J. Chem. Phys. 1985, 83, 3694.
(21) Kawasaki, K.; Sekimoto, K. Physica 1987, 143A, 349.
(22) Kramer, E. J.; Green, P.; Palmstrom, C. J. Polymer 1984, 25,

473. Sillescu, H. Makromol. Chem., Rapid Commun. 1984,
5, 519.

(23) Brochard, F. In Molecular Conformation and Dynamics of
Macromolecules in Condensed Systems; Nagasawa, M., Eds.;
Elsevier: New York, 1988; p 249.

(24) Pincus, P. J. Chem. Phys. 1981, 75, 1996.
(25) Benoit, H.; Benmouna, M.; Wu, W.Macromolecules 1990, 23,

1151.
(26) Kim, J. K.; Kimishima, K.; Hashimoto, T. Macromolecules

1993, 26, 125.
(27) To calculate numerically the time evolution of the partial

structure factor Sij(q,t) (i, j ) A, B) in eqs 28-30, we must
specify S(q,0). In this work Sij(q,0) is assumed to be identical
to Sij(q) at T ) T0 initial temperature.

(28) Akcasu, A. Z. Macromolecules 1989, 22, 3682.
(29) Takenaka, M.; Chu, B. Macromolecules 1995, 28, 3240.
(30) Takenaka, M.; Hashimoto, T.; Dobashi, T. Phys. Rev. E 1995,

52, 5142.
(31) Takenaka, M.; Hashimoto, T. Unpublished results.

MA951739+

JB ) -
-Λ0,AAΛ0,BB

∑
k)A,B,R

Λ0,kk

∇(µA - µR) -

Λ0,BB(Λ0,AA + Λ0,RR)

∑
k)A,B,R

Λ0,kk

∇(µB - µR) (A.7)

JA ) -Λ0,AA∇µA + φAvT (A.8)

JB ) -Λ0,BB∇µB + φBvT (A.9)

JR ) -Λ0,RR∇µR + φRvT (A.10)

vT ) Λ0,AA∇µA + Λ0,BB∇µB + Λ0,RR∇µR (A.11)

JA ) -Λ0,AA∇µA + φA(Λ0,AA∇µA + Λ0,BB∇µB +
Λ0,RR∇µR) (A.12)

JB ) -Λ0,BB∇µB + φB(Λ0,AA∇µA + Λ0,BB∇µB +
Λ0,RR∇µR) (A.13)

JA ) - {(1 - φA)
2Λ0,AA + φA

2Λ0,BB + φA
2Λ0,RR}∇(µA -

µR) - {-(1 - φA)φBΛ0,AA - φA(1 - φB)Λ0,BB +
φAφBΛ0,RR}∇(µB - µR) (A.14)

JB ) - {-φA(1 - φB)Λ0,AA - (1 - φB)φAΛ0,BB +

φAφBΛ0,RR}∇(µA - µR) - {φB
2Λ0,AA + (1 - φB)

2Λ0,BB +

φB
2Λ0,RR}∇(µB - µR) (A.15)
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